Coreceptor usage of primary human immunodeficiency virus type 1 (HIV-1) isolates varies according to biological phenotype. The chemokine receptors CCR5 and CXCR4 are the major coreceptors that, together with CD4, govern HIV-1 entry into cells. Since CXCR4 usage determines the biological phenotype for HIV-1 isolates and is more frequent in patients with immunodeficiency, it may serve as a marker for viral virulence. This possibility prompted us to study coreceptor usage by HIV-2, known to be less pathogenic than HIV-1. We tested 11 primary HIV-2 isolates for coreceptor usage in human cell lines: U87 glioma cells, stably expressing CD4 and the chemokine receptor CCR1, CCR2b, CCR3, CCR5, or CXCR4, and GHOST(3) osteosarcoma cells, coexpressing CD4 and CCR5, CXCR4, or the orphan receptor Bonzo or BOB. The indicator cells were infected by cocultivation with virus-producing peripheral blood mononuclear cells and by cell-free virus. Our results show that 10 of 11 HIV-2 isolates were able to efficiently use CCR5. In contrast, only two isolates, both from patients with advanced disease, used CXCR4 efficiently. These two isolates also promptly induced syncytia in MT-2 cells, a pattern described for HIV-1 isolates that use CXCR4. Unlike HIV-1, many of the HIV-2 isolates were promiscuous in their coreceptor usage in that they were able to use, apart from CCR5, one or more of the CCR1, CCR2b, CCR3, and BOB coreceptors. Another difference between HIV-1 and HIV-2 was that the ability to replicate in MT-2 cells appeared to be a general property of HIV-2 isolates. Based on BOB mRNA expression in MT-2 cells and the ability of our panel of HIV-2 isolates to use BOB, we suggest that HIV-2 can use BOB when entering MT-2 cells. The results indicate no obvious link between viral virulence and the ability to use a multitude of coreceptors.
The discovery that the replication of some human immunodeficiency virus type 1 (HIV-1) isolates can be suppressed in vitro by the CC chemokines MIP-1␣, MIP-1␤, and RANTES (15) and the cDNA cloning of a cofactor, CXCR4, that, along with CD4, allows the entry of T-cell-line-adapted (TCLA) HIV-1 strains into target cells (23) are two independent findings of great importance for research on HIV attachment, penetration, and cell tropism. It has been shown that HIV-1 isolates suppressed by the CC chemokines use the receptor for these ligands, CCR5, as a coreceptor (5, 19, 21) , whereas isolates resistant to this suppressive effect use CXCR4. Infection of the latter group of viruses can be blocked by the CXC chemokine SDF-1, a ligand for CXCR4 (9, 38) . CCR5 usage corresponds to a slow/low, non-syncytium-inducing (NSI) phenotype in previous classifications of primary HIV-1 isolates, whereas isolates with a rapid/high, syncytium-inducing (SI) phenotype use CXCR4 (8, 19, 23, 49) . Some isolates are dualtropic, capable of using both CCR5 and CXCR4 and, in some instances, CCR3. A new, alternative HIV-1 phenotype classification system, based on coreceptor usage, was recently proposed; in this system, isolates using CCR5 are called R5 viruses, while isolates using CXCR4 are called X4 viruses.
Isolates able to use both coreceptors are called R5X4 viruses (6) .
The importance of the CCR5 molecule in HIV-1 transmission in vivo is supported by the observation that individuals homozygous for a 32-bp deletion in the CCR5 gene are almost completely resistant to HIV-1 infection (32, 42) . This deletion leads to the production of defective CCR5 that is not transported to the cell surface, with the consequence that such cells are resistant to infection with HIV-1 using CCR5, the phenotype most frequently associated with sexual transmission (40, 47, 50) .
HIV-2 was first isolated from West African patients with AIDS (2, 14) . HIV-2 infection, which is prevalent in West African countries (reviewed in reference 34), is associated with a slower sexual spread (29) and a reduced rate of disease progression, compared to HIV-1 infection (35) . The reason for the reduced virulence of HIV-2 remains unclear. HIV-2, like HIV-1, has been phenotypically divided into a rapid/high or slow/low phenotype (1, 3) . The host range of HIV-2 in human cells is similar to that of HIV-1, yet differences exist in the ability to infect certain established cell lines. For example, human CD4
ϩ U87 glioma cells have been shown to be susceptible to infection by HIV-2 and simian immunodeficiency virus (SIV) but not by HIV-1 (13) .
While a considerable amount of knowledge concerning chemokine receptor usage by HIV-1 has accumulated during the last few years, less is known about the role of chemokine receptors in HIV-2 infection. SIV, which is genetically closer to HIV-2 than to HIV-1, has been shown to use CCR5 as a coreceptor for entry, regardless of other phenotypic properties (12) . HIV-2 envelope glycoproteins, like those of HIV-1 and SIV, are able to use CCR5 as a coreceptor for viral entry and undergo CD4-dependent interactions with the same chemokine receptor (27) . CXCR4, CCR3, and the orphan receptor V28 have been shown to mediate CD4-independent HIV-2 infection or infection in the presence of soluble CD4 of certain laboratory-adapted strains (22, 39) . Bron and colleagues found that a laboratory-adapted HIV-2 strain showed considerable promiscuity in chemokine receptor usage (10) . Other studies have indicated that promiscuity in chemokine receptor usage is common among primary HIV-2 isolates as well (26, 36, 44) . However, there were differences in the patterns of HIV-2 coreceptor usage presented in these three studies, and only a limited number of primary isolates were tested in each study.
Recently, several additional HIV coreceptors were identified. Deng and coworkers reported on two novel coreceptors, Bonzo (also known as STRL33 [31] ) and BOB (also known as GPR15 [25] ), mainly used by SIV and HIV-2 isolates but also used by some HIV-1 isolates (20) . Bonzo mRNA was detected in U87 cells, and antiserum raised against the N-terminal sequence of Bonzo blocked SIV Env-mediated infection. Moreover, the chemokine receptor CCR8 was shown to function as a coreceptor for several different HIV-1, HIV-2, and SIV Env proteins, whereas the orphan receptor V28 was used only by a few HIV-1 and HIV-2 isolates (41) .
The tropism of HIV-1 for T-cell lines has been correlated with determinants within the loop structure in the third variable region (V3) of the HIV-1 envelope glycoprotein (27) and with coreceptor usage (8, 19, 21, 23) . Moreover, the V3 loop has been identified as a critical determinant for susceptibility to the inhibitory effects of chemokines (16) . It has also been reported that selective chemokine receptor usage by HIV-1 is predicted by determinants within the V3 region (45, 48) . Less is known about determinants of cell tropism for HIV-2, even though the V3 loop has been suggested to be involved in viral fusion (24) . Albert and colleagues found a correlation between viral biological phenotype and HIV-2 V3 genotype, as measured by net charge, sequence heterogeneity, and positively charged mutations at positions 313 and 314 (4) .
To investigate which cellular receptors are involved when primary HIV-2 isolates infect cells, we used human U87 glioma cell lines stably expressing CD4 and the chemokine receptor CCR1, CCR2b, CCR3, CCR5, or CXCR4. GHOST(3) osteosarcoma cells coexpressing CD4 and CCR5, CXCR4, Bonzo, or BOB were also used. Eleven primary HIV-2 isolates previously characterized for phenotype (rapid/high or slow/low) and with known V3 sequences were tested for coreceptor usage and were characterized for MT-2 cell tropism. The expression of BOB mRNA in MT-2 cells was also investigated.
MATERIALS AND METHODS
Patients and virus isolates. Eight primary HIV-2 isolates originating from Guinea-Bissau, two originating from the Ivory Coast (1653 and 1654), and one originating from an individual of Gambian origin (6669) were used in this study. Isolates 1816 and 2300 were obtained sequentially from one individual over a 6-month interval. The isolates were obtained by cocultivation of peripheral blood mononuclear cells (PBMC) from HIV-2-infected individuals with PBMC from healthy blood donors as previously described (3) . The biological phenotype of each isolate was previously determined by cocultivation of infected PBMC with CEM, Jurkat-tat, and U937 clone 2 (U937-2) cell lines (3). Four isolates displayed a rapid/high phenotype, while seven isolates were classified as slow/low (Table 1) . Isolate 6669 was included only in the cell-free infection experiments. HIV-1 IIIB , known to use CXCR4 exclusively as a coreceptor, was included as a control in all experiments. The primary isolates had all been passaged in human PBMC.
Virus stocks were prepared by infecting 5 ϫ 10 6 phytohemagglutinin P (Pharmacia, Uppsala, Sweden)-stimulated PBMC from two healthy blood donors with 2 ml of supernatant from infected PBMC. Supernatants were harvested on day 7 after infection and stored at Ϫ80°C. The 50% tissue culture infective doses (TCID 50 ) of the supernatants were determined as previously described (7) with PBMC and an in-house HIV-2 capture enzyme-linked immunosorbent assay (ELISA) (46) . The PBMC cultures were maintained in RPMI 1640 medium with 3 mM glutamine (Gibco BRL, Paisley, United Kingdom) and supplemented with 10% fetal calf serum (FCS) (Flow, Costa Mesa, Calif.), 5 U of recombinant interleukin 2 (Amersham, Buckinghamshire, United Kingdom) per ml, 2 g of Polybrene (Sigma, St. Louis, Mo.) per ml, and antibiotics.
Cell lines. Human glioma U87.CD4 cells, stably expressing CD4 and the chemokine receptor CCR1, CCR2b, CCR3, CCR5, or CXCR4, were previously described (8, 19) . The GHOST(3) cell lines constitute an HIV-1 or HIV-2 indicator cell panel whose individual lines express a specific viral coreceptor molecule in conjunction with human CD4 (30) . In brief, the GHOST(3) cell panel was derived from a clone of human osteosarcoma cells which stably express human CD4, HOS.T4neo. HOS.T4neo cells were stably transfected with a Tatdependent reporter construct consisting of the HIV-2 ROD long terminal repeat enhancer-promoter directing the expression of a humanized allele of the green fluorescent protein (GFP) (18) . A clone (clone 3) which expressed a low basal level of GFP but which induced a high level of GFP expression in response to HIV-1 LAI Tat was isolated. The GFP reporter-containing HOS.T4 neo cells were subsequently stably transduced with retroviral vectors containing different HIV coreceptor molecules, including CCR5, CXCR4, BOB/GPR15, and Bonzo/ STRL33. Lines are designated by the coreceptor molecule expressed, except for the non-coreceptor-expressing progenitor, which is referred to as the GHOST (3) parental line. The GHOST(3) cell panel with the described coreceptors is now available through either the U.S. NIH AIDS Reagent Program or the British c Four experiments were carried out, two by cocultivation with infected PBMC and two by cell-free virus infection. ϩ, HIV-2 antigen production and syncytium formation; *, late HIV-2 antigen production and late single-cell death; Ϫ, no HIV-2 antigen production or syncytium formation.
d Negative for both HIV-2 antigen production and cytopathic effects in one of two experiments.
NIBSC AIDS Reagent Project. Note that the GHOST(3) cell panel is distinct from the GHOST(34) cell panel distributed previously (11, 33) . The U87.CD4 and GHOST(3) cells were grown in high-glucose Dulbecco's modified Eagle's medium (D-MEM) supplemented with 10% FCS and antibiotics. Cultures were kept in 25-cm 2 tissue culture flasks (Costar) and detached and split 1:2 (U87.CD4) or 1:5 [GHOST(3)] every 2 to 3 days with trypsin-EDTA (Gibco BRL).
For infection experiments, cells were seeded in 24-well (U87.CD4) or 48-well [GHOST(3)] plates (Costar) 1 to 2 days prior to infection to obtain a subconfluent cell layer by the time of infection.
Cocultivation of infected PBMC with the U87.CD4 cell lines. PBMC cultures were infected with virus as described above. Seven days postinfection, when cultures showed HIV-2 antigen production (optical density values ranging from 1.4 to 1.9 in our in-house HIV-2 capture ELISA), 150 ϫ 10 3 PBMC from infected cultures were added to each well of a 24-well plate containing U87.CD4 cells (ratio, 1:2). After 24 h, the plate was washed with phosphate-buffered saline, and fresh D-MEM was added. The cultures were monitored for 10 days, and the medium was changed every second day. Inspection for syncytium formation was performed daily. Confluent cultures with no observable cytopathic effects were split 1:2 on day 5.
Cell-free infection of the U87.CD4 cell lines. We used 1,000 to 2,000 TCID 50 of each isolate in a final volume of 1 ml of D-MEM to infect U87.CD4 cells expressing the different chemokine receptors. Twenty-four hours later, 1 ml of fresh medium was added. Cultures were washed twice on day 2 and then were monitored for 10 days as described above.
Cell-free infection of the GHOST(3) cell lines. GHOST(3) cells expressing CD4 and the different HIV coreceptors were infected with 1,000 to 2,000 TCID 50 of each isolate diluted to a final volume of approximately 1 ml in D-MEM supplemented with 10% FCS, 2 g of Polybrene per ml, and antibiotics. Twelve hours postinfection, the cultures were washed, and fresh medium was added. The cultures were trypsinized and split 1:5 every second day after supernatants were harvested and were visually inspected every day in a light microscope for cytopathic effects and in a fluorescence microscope for fluorescence induced by HIV-2 infection. Cultures were terminated 8 to 10 days postinfection.
MT-2 assay. MT-2 cells cultured in 25-cm 2 flasks with RPMI 1640 medium supplemented with 10% FCS and antibiotics were tested both by cell-free infection and by cocultivation with infected PBMC (ratio, 2:1). Cultures were maintained for at least 21 days, split and monitored for HIV-2 antigen production twice a week, and visually inspected daily for cytopathic effects.
Capture enzyme immunoassay for detection of HIV-2 antigen. The in-house HIV-2-SIV capture ELISA has been described elsewhere (46) . In brief, cell culture supernatants were added to 96-well microtiter plates previously coated with purified immunoglobulin G from an asymptomatic HIV-2-positive blood donor and blocked with 1% bovine serum albumin. Captured HIV-2 antigen was detected with rabbit anti-SIV mac serum (cross-reactive with HIV-2) and then with horseradish peroxidase-conjugated swine anti-rabbit immunoglobulin. oPhenylenediamine substrate with H 2 O 2 was added, and optical density was measured at 490 nm after the reaction was stopped with 2.5 M H 2 SO 4 .
Northern blot analysis. Total RNA (15 g) isolated from the different cell lines with Ultraspec RNA (Biotecx Laboratories, Inc., Houston, Tex.) was electrophoresed in a 1.2% agarose-formaldehyde gel and transferred to a Hybond-N ϩ nylon membrane (Amersham). Full-length BOB cDNA labelled with 32 P by use of Rediprime II (Amersham) was used for probing the membrane. Hybridization was performed at 42°C with hybridization solution (50% formamide, 6ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5ϫ Denhardt's solution, 0.5% sodium dodecyl sulfate [SDS] , 100 g of denatured salmon sperm DNA per ml). The membrane was washed twice in 0.1ϫ SSC-0.1% SDS at room temperature. Equivalent levels of mRNA among the samples were verified by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probing. Dehybridization of the membrane was confirmed before repeat or control hybridizations were carried out.
RT-PCR. Two micrograms of total RNA isolated from the different cell lines with Ultraspec RNA was used for cDNA synthesis with a 1st Strand cDNA Synthesis Kit for reverse transcriptase (RT) PCR (RT-PCR) (Boehringer Mannheim Biochemicals), random hexamer primers, and avian myeloblastosis virus RT. Four microliters of the 40-l reaction mixture was used as a template for PCR amplification with AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) at 94°C for 1 min, followed by 35 cycles of 94°C for 1 min, 58°C (55°C for GAPDH) for 1 min, and 72°C for 1 min, and finally a 10-min extension at 72°C. The primers used were as follows: for BOB, 5Ј-CATCTGCTCTTTGG TGATG-3Ј and 5Ј-GTATGGCTTATCATCAATCAGC-3Ј; for GAPDH, 5Ј-G GTGAAGGTCGGAGTCAACG-3Ј and 5Ј-CAAAGTTGTCATGGATGACC-3Ј. Parallel cDNA synthesis reactions in which the RT enzyme was left out to exclude the possibility of contaminating genomic DNA were uniformly negative.
RESULTS
Infection of MT-2 cells. All isolates were tested for their ability to replicate and induce syncytia in MT-2 cells, both by cocultivation with infected PBMC and by cell-free virus infection (Table 1) . Typical syncytia and HIV-2 antigen production a few days after infection were induced only by three HIV-2 isolates. The majority of the remaining isolates showed an atypical cytopathic effect, without evident syncytia but with single-cell killing accompanied by late virus production 10 to 25 days postinfection. Two of the SI isolates (1010 and 6669) were recovered from AIDS patients, while the third (2297) originated from a patient with asthenia. Moreover, of the four rapid/high isolates, classified by their ability to infect and replicate in established CEM and U937-2 cell lines, only two (1010 and 6669) induced typical syncytia in MT-2 cells. Conversely, isolate 2297 did not replicate in CEM or U937-2 cells but replicated and induced syncytia in MT-2 cells. With isolates 1812 and 2300, cell-free infection of MT-2 cells was unsuccessful. These results indicate that HIV-2, unlike HIV-1, may enter the MT-2, CEM, and U937-2 cell lines through more than one pathway.
Chemokine receptor usage by primary HIV-2 isolates. (i) Infection of U87.CD4 cells stably expressing chemokine receptors. Infection was carried out in two ways: by cocultivation with PBMC cultures infected with each of 11 primary HIV-2 isolates 7 days earlier and with cell-free virus. Syncytium formation was recorded at day 7 (cocultivation) and at day 10 (cell-free infection) postinfection. HIV-2 antigen production was recorded at day 10 postinfection in the cell-free infection experiment.
All HIV-2 isolates, except for 6669, efficiently induced syncytia in U87.CD4.CCR5 cells, whereas only two isolates, 1010 and 6669, both recovered from AIDS patients, formed syncytia in U87.CD4.CXCR4 cells (Table 2) . HIV-2 antigen production was detected in all syncytium-positive cultures. Low levels of HIV-2 antigen, in the absence of syncytia, were detected in cultures of CXCR4-expressing cells upon infection with isolates 1682 and 1808. In addition, the majority of the isolates induced syncytia in CCR1-and CCR3-expressing cells, particularly upon cocultivation with infected PBMC, whereas syncytium formation in CCR2b-expressing cells was seen only with some of the isolates. None of the isolates replicated in parental U87.CD4 cells, but 7 of 11 isolates induced syncytia after cocultivation with infected PBMC. Interestingly, this effect was seen with viruses able to use several coreceptors. Syncytium formation upon inoculation with the TCLA HIV-1 IIIB isolate was seen only in CXCR4-expressing cells.
Comparison between the modes of infection generally showed a lower efficiency of syncytium induction after cell-free virus infection than after cocultivation with infected PBMC (Tables 2 and 3 ). However, this variation in efficiency was isolate and coreceptor dependent, exemplified by isolate 1682, which induced syncytia with equal efficiencies after cocultivation and cell-free infection in CCR1-and CCR5-expressing cells but not in CCR2b-or CCR3-expressing cells, and by isolate 1010, which used CCR3 and CXCR4 with equal efficiencies but which showed differences when tested for the usage of all other receptors.
(ii) Infection of GHOST(3) cells expressing chemokine receptors and the orphan receptors Bonzo and BOB. Since 7 of 11 HIV-2 isolates formed syncytia in parental U87.CD4 cells, known to express low levels of Bonzo mRNA (20) , it was of interest to test the coreceptor usage of HIV-2 isolates in another cell line, devoid of endogenous Bonzo mRNA expression. GHOST(3) cells expressing CD4 and the CCR5, CXCR4, Bonzo, or BOB receptor and engineered to express GFP upon HIV infection were infected with 1,000 to 2,000 TCID 50 of the HIV-2 isolates. The cultures were microscopically inspected for fluorescence and monitored for HIV-2 antigen production. The pattern of CCR5 and CXCR4 usage was confirmed; all HIV-2 isolates, except for 6669, used CCR5, whereas iso-lates 1010 and 6669 used CXCR4 (Table 4) . Isolates 1682 and 1808, which showed a low level of HIV-2 antigen production in U87.CD4.CXCR4 cells, showed no production in GHOST(3).CXCR4 cells.
Bonzo-expressing cells showed no or weak fluorescence and remained antigen negative after infection with all HIV-2 isolates tested, except for 1010. In BOB-expressing cells, five of the isolates induced fluorescence in more than 5% of the cells 
e ϩϩϩϩ a Infection assays were performed both by cocultivation of U87.CD4 cells with infected PBMC and by cell-free virus infection with 1,000 to 2,000 TCID 50 of each isolate. The data shown indicate results obtained with both methods. Differences, whenever apparent, are indicated. Experiments were repeated two to four times. Ag, cell culture supernatants were harvested at day 10 postinfection and monitored for HIV-2 antigen with an in-house capture ELISA; values represent the mean optical density at 490 nm from independent experiments. ND, not determined. S, syncytium formation was visually quantitated at day 10 postinfection: ϩϩϩϩ, syncytia covering the well; ϩϩϩ, large syncytia covering Ͼ50% of the well; ϩϩ, large syncytia covering Ͻ50% of the well; ϩ, occasional small syncytia; Ϫ, no syncytia; ‫,ء‬ syncytia formed in cocultivation experiment, cell-free virus infection not performed. Boldfacing indicates that syncytium formation occurred only after cocultivation with infected PBMC.
b Results were obtained at day 8 postinfection. c 6669 was not included in the cocultivation experiment. Cell-free infection 0
Cell-free infection 0 Ϫ b Cell culture supernatants were harvested at day 8 [GHOST(3)] or day 10 (U87.CD4) postinfection and monitored for HIV-2 antigen production (Ag) with an in-house capture ELISA; values indicate the optical density at 490 nm. NA, not applicable. Syncytium formation (s) in U87.CD4 cell cultures was visually quantitated at day 10 postinfection: SSSS, syncytia covering the well; SSS, large syncytia covering Ͼ50% of the well; SS, large syncytia covering Ͻ50% of the well; S, occasional small syncytia; Ϫ, no syncytia. HIV-induced GFP activation (f) in GHOST (3) at day 8 postinfection, with four isolates also inducing the production of HIV-2 antigen (Table 4) . Even when the level of replication was barely detectable at day 8, HIV-2 antigen production increased for all four isolates 2 days later (data not shown). The same result was observed with isolate 1010 in Bonzo-expressing cultures. GFP activation paralleled antigen production in BOB-expressing cells. The results showed that 5 of 10 HIV-2 isolates efficiently used BOB in addition to CCR5, whereas only one isolate used Bonzo efficiently.
HIV-2 infection detected by GFP activation correlated with HIV-2 antigen production, even when fluorescence was observed earlier than antigen production and, in some cases, also in antigen-negative cultures. These findings indicate that long terminal repeat-driven GFP expression in GHOST(3) cells is a more sensitive assay for HIV-2 infection than our in-house HIV-2 capture ELISA. The weak fluorescence seen in some of the HIV-2 antigen-negative cultures may indicate a low-efficiency function of a particular coreceptor or may, for CXCR4-using isolates, be due to low levels of endogenously expressed CXCR4. The latter possibility is suggested by the fact that HIV-2 6669 and HIV-1 IIIB infections induced fluorescence across the panel of cells, although productive infection could be detected only in cells engineered to express CXCR4.
Detection of BOB mRNA in the MT-2, CEM, and U937-2 cell lines. Since infection and replication in MT-2 cells for our panel of primary HIV-2 isolates were not restricted to CXCR4 usage, we investigated the expression of alternative HIV-2 coreceptors in MT-2 cells. The observation that the isolate with the most prominent ability to use BOB, isolate 2297, was also the only non-CXCR4-using isolate able to induce syncytia in MT-2 cells prompted us to investigate BOB mRNA expression in MT-2 cells. With GHOST (3) .BOB cells as a positive control, low levels of BOB mRNA could be detected in MT-2 cells by RT-PCR (Fig. 1) but not by Northern blot analysis. In contrast to MT-2 cells, neither CEM nor U937-2 cells expressed BOB mRNA at levels detectable by RT-PCR or Northern blot analysis. Moreover, no BOB mRNA could be detected in parental U87.CD4 cells or GHOST(3) cells.
V3 sequence alignment. The V3 sequences of the isolates were previously determined and aligned to a consensus of 10 published HIV-2 sequences (4, 37). In the present study, CXCR4 usage was associated with substitutions to positively charged residues at positions 314 and/or 313. For isolate 1010, there was a V314R substitution, while isolate 6669 exhibited two positively charged mutations, L313R and V314R. Only isolate 6669 had a V3 net charge (ϩ9) significantly higher than the mean (ϩ5.82). None of the other isolates had positively charged mutations at these positions. All isolates contained one N-linked glycosylation site within V3, at positions 302 to 304 (N-K-T).
DISCUSSION
In the present work, we studied coreceptor usage by 11 primary HIV-2 isolates in U87.CD4 cells expressing chemokine receptors previously shown to function as coreceptors for HIV-1 (CCR1, CCR2b, CCR3, CCR5, and CXCR4) and in GHOST(3) cells expressing CCR5, CXCR4, or orphan receptors implicated in SIV infection (Bonzo and BOB) together with CD4. We found that 10 of 11 primary HIV-2 isolates were able to use CCR5. In contrast, only two isolates, both from patients with advanced disease, were able to efficiently use CXCR4. These two isolates also promptly induced syncytia in MT-2 cells, a pattern described for HIV-1 isolates using CXCR4. However, in contrast to HIV-1 isolates, many of the HIV-2 isolates were promiscuous in their coreceptor usage in that they were able to use, in addition to CCR5, one or more of the CCR1, CCR2b, CCR3, and BOB receptors. This result is in line with findings obtained by other groups (10, 20, 26, 36, 44) . Interestingly, the least promiscuous isolate, 1653, efficiently using only CCR5 but still able to replicate in MT-2 cells, was the only HIV-2 isolate of subtype B. Due to its promiscuous use of coreceptors, HIV-2 does not easily fit into the classification system based on coreceptor usage that has been proposed for HIV-1 (6) .
Another difference between HIV-1 and HIV-2 was that the ability to replicate in MT-2 cells appeared to be a general property of HIV-2 isolates. Nevertheless, although all HIV-2 isolates replicated in MT-2 cells, they differed in replication kinetics and syncytium-inducing capacity; syncytium induction was correlated with CXCR4 usage (except for isolate 2297), 
a Infection assays were performed by cell-free virus infection with 1,000 to 2,000 TCID 50 of each HIV-2 isolate. Experiments were carried out twice. Ag, cell culture supernatants were harvested at day 8 postinfection and monitored for HIV-2 antigen with an in-house capture ELISA; values represent the mean optical density at 490 nm from two independent experiments (0 indicates an optical density of Ͻ0.2). F, HIV-induced GFP activation in GHOST (3) while the majority of the remaining isolates, not using CXCR4, replicated with a 1-or 2-week delay and did not induce syncytia. These findings suggest a CXCR4-independent pathway for HIV-2 infection of MT-2 cells. Observations in accordance with these have been made for HIV-2 (44) and for SIV (12) . We now show that MT-2 cells express BOB mRNA. Considering the frequent ability of our HIV-2 isolates to use BOB, we suggest that HIV-2 can use BOB when entering MT-2 cells.
This suggestion explains why, unlike those of HIV-1, phenotypically distinct groups of HIV-2 could not be distinguished clearly in MT-2 cells. For HIV-1, replication in established cell lines, such as CEM and U937-2, with few exceptions correlates with replication and syncytium induction in MT-2 cells and can be explained by the use of CXCR4 as a coreceptor. While such a correlation can also be found among HIV-2 isolates, exceptions are frequently encountered. Based on replicative capacity in CEM and U937-2 cells, four HIV-2 isolates (all from patients with advanced disease) were previously classified as having a rapid/high phenotype. However, only two of these isolates showed the typical SI phenotype in MT-2 cells which was coincident with CXCR4 usage. Conversely, HIV-2 isolate 2297 was SI in MT-2 cells but was unable to replicate in CEM, U937-2, U87.CD4.CXCR4, and GHOST(3).CXCR4 cells. Since isolate 2297 was the isolate which used BOB most efficiently, we suggest that BOB could be the coreceptor mediating syncytium induction in MT-2 cells for this isolate. The ability to detect low levels of BOB mRNA by RT-PCR but not by Northern blotting indicates a low level of BOB expression in MT-2 cells and is in line with the slow replication kinetics of the non-CXCR4-using HIV-2 isolates in these cells. For the exceptional isolate 2297, efficient BOB usage and syncytium induction in MT-2 cells were coincident.
Cocultivation appeared to be a more effective mode of infection than cell-free virus (Table 3 ). In fact, after cocultivation, several isolates induced syncytia even in parental U87.CD4 cells. These cells are devoid of transfected chemokine receptors but spontaneously express Bonzo (20) . The difference in infection efficiency could simply reflect virus dose dependency, assuming that the infected PBMC cultures used for cocultivation produce amounts of virus larger than the amounts used for cell-free infection. In addition to prolonged virus production, cell-to-cell contact between gp125-expressing PBMC and U87.CD4 cells may intensify the fusion reaction. In such a situation, syncytia may be produced in the absence of productive infection. Comparison of the results obtained with U87.CD4 and GHOST(3).Bonzo cells suggests that spontaneous Bonzo expression may contribute to the low level of syncytium formation in parental U87.CD4 cells. In addition, other cell surface molecules present on PBMC may also assist in cell-to-cell fusion.
The frequent usage of CCR5 by HIV-2 was confirmed with GHOST(3) osteosarcoma cells, as was rare CXCR4 usage. This CXCR4 usage pattern is in agreement with that found in two previous studies (26, 44) but is at variance with that found in another (36) , in which all HIV-2 isolates were found to use CXCR4. Moreover, the frequent CCR5 usage reported here is supported by two of these studies (26, 36) , whereas Sol and coworkers found a relative inability of HIV-2 to use CCR5 (44) . Whether these differences are due to the collections of HIV-2 isolates used in the different studies or to differences in indicator cell systems remains to be clarified. In the previous studies, the orphan receptors Bonzo and BOB were not included. In our experiments, BOB was used by all HIV-2 isolates, except for 6669, while Bonzo was used less efficiently. It is an open question whether cooperation between different coreceptors on the cell surface may promote HIV entry. If so, the promiscuity of HIV-2 isolates may result in different patterns of permissiveness in different cell types.
What in vivo relevance has the broad coreceptor usage of HIV-2? The lower pathogenicity of HIV-2 than of HIV-1 is difficult to explain by a more broad coreceptor usage. Hence, other viral properties are strongly suggested as being responsible for the difference in virulence between these two viruses. Moreover, the observation that coreceptor usage by HIV-1 often broadens with disease progression (8, 17, 43) does not seem to apply to HIV-2, since in our experiments all isolates, whether from AIDS patients or asymptomatic persons, were equally promiscuous. However, as for HIV-1, CXCR4 usage by HIV-2 appears to be most frequent in late-stage infection.
The observation that mutations to positively charged amino acid residues at positions 314 and/or 313 for isolates 1010 and 6669 were associated with CXCR4 usage is concordant with the reported correlation between these mutations and a rapid/ high phenotype (4) . The role of the V3 region as a determinant for coreceptor usage and susceptibility to chemokine inhibition for HIV-1 implies the possibility of a similar function for the HIV-2 V3 region. Our results indicate that determinants within the V3 loop appear to predict CXCR4 usage. Infection inhibition experiments with peptides corresponding to the HIV-2 V3 region and the cells used in this study may answer the question of whether V3 is indeed the determinant for HIV-2 coreceptor usage.
In the present study, we found that 10 of 11 primary HIV-2 isolates recovered from patients at different stages of disease use CCR5 and that all of the isolates can use at least one additional coreceptor. CXCR4 usage was observed for only two isolates, both recovered from AIDS patients, suggesting that a switch in coreceptor usage from CCR5 to CXCR4, which is associated with disease progression in HIV-1 infection, may also occur in HIV-2-infected patients. The in vivo role of the promiscuous use of coreceptors by HIV-2 remains to be clarified.
